As a result of competing physical mechanisms, the atmospheric composition of white dwarfs changes throughout their evolution, a process known as spectral evolution. Because of the ambiguity of their atmospheric compositions and the difficulties inherent to the modeling of their dense atmospheres, no consensus exists regarding the spectral evolution of cool white dwarfs (T eff < 6000 K). In the previous papers of this series, we presented and observationally validated a new generation of cool white dwarf atmosphere models that include all the necessary constitutive physics to accurately model those objects. Using these new models and a homogeneous sample of 501 cool white dwarfs, we revisit the spectral evolution of cool white dwarfs. Our sample includes all spectroscopically identified white dwarfs cooler than 8300 K for which a parallax is available in Gaia DR2 and photometric observations are available in Pan-STARRS1 and 2MASS. Except for a few cool carbon-polluted objects, our models allow an excellent fit to the spectroscopic and photometric observations of all objects included in our sample. We identify a decrease of the ratio of hydrogen to helium-rich objects between 7500 K and 6250 K, which we interpret as the signature of convective mixing. After this decrease, hydrogen-rich objects become more abundant up to 5000 K. This puzzling increase, reminiscent of the non-DA gap, has yet to be explained. At lower temperatures, below 5000 K, hydrogen-rich white dwarfs become rarer, which rules out the scenario according to which accretion of hydrogen from the interstellar medium dominates the spectral evolution of cool white dwarfs.
1. INTRODUCTION White dwarf stars are compact stellar remnants condemned to a slow cooling that extends over billions of years. One of the fundamental properties of white dwarfs is their intense surface gravity (log g = 8 on average). This strong gravitational field implies that heavy elements are expected to sink towards the core of the white dwarf and that light elements should float high up in the atmosphere (Schatzman 1945) . If gravitational settling was the only process influencing the chemical composition of white dwarf atmospheres, then all white dwarfs would show pure hydrogen atmospheres (i.e., only the DA and DC spectral types would exist).
However, we know that at least ∼ 20% of white dwarfs have helium-rich atmospheres (Giammichele et al. 2012; Kepler et al. 2015) , that many have metal-polluted atmospheres (DQs and DZs) and that some even have carbondominated (Hot DQs, Dufour et al. 2007a) or oxygendominated atmospheres (DS 4 , Kepler et al. 2016a ). These simple observational facts imply that additional mechanisms can alter the atmospheric composition of a white dwarf. For instance, a white dwarf atmosphere can undergo simple diffusion (Muchmore 1984; Paquette et al. 1986; Koester 2009) Leggett et al. 2018) . & Wesemael 1987; MacDonald & Vennes 1991; Rolland et al. 2018) , convective mixing (Koester 1976; Vauclair & Reisse 1977; Dantona & Mazzitelli 1979; Rolland et al. 2018) , convective dredge-up from the core ), radiative levitation (Chayer et al. 1995) , accretion from the interstellar medium (Dupuis et al. 1993; Koester & Wilken 2006) and accretion of rocky planetesimals (Graham et al. 1990; Jura 2003; Farihi et al. 2010) . As those mechanisms change in importance during the evolution of white dwarfs, their surface compositions also change as a function of decreasing effective temperature. This phenomenon, known as spectral evolution, is one of the most studied aspects of white dwarf evolution.
The most spectacular feature of the spectral evolution of white dwarfs is probably the existence of a so-called DB gap between T eff ≈ 45 000 K and 30 000 K (Liebert 1986; Liebert et al. 1986) , where helium-rich white dwarfs are significantly less abundant than at higher or lower temperatures (Eisenstein et al. 2006a ). This deficiency has been explained as the result of a hydrogen float-up process at the blue edge of the gap and a convective dilution process below the red edge (Fontaine & Wesemael 1987; MacDonald & Vennes 1991) .
Going down the temperature scale, the next striking feature in the spectral evolution of white dwarfs is the increase of the ratio of non-DA to DA objects below T eff ≈ 12 000 K (Sion 1984; Tremblay & Bergeron 2008 ). This observation is the consequence of the convective mixing of a thin hydrogen layer with the thick helium envelope underneath that can transform a hydrogen-rich atmosphere into a helium-rich atmosphere (Koester 1976; Vauclair & Reisse 1977; Dantona & Mazzitelli 1979; Rolland et al. 2018) . The lower the temperature of the star, the deeper the convection zone extends into the white dwarf. Therefore, objects with a thicker hydrogen layer turn into helium-rich stars later in their evolution (Tassoul et al. 1990; Bergeron et al. 1997) .
At lower temperatures, however, our understanding of the spectral evolution of white dwarfs is more limited. In fact, results obtained in the last two decades point in conflicting directions. On the one hand, analyses performed by Bergeron et al. (1997 Bergeron et al. ( , 2001 ) and Kilic et al. (2006b Kilic et al. ( , 2010 have revealed that the ratio of hydrogen-rich to helium-rich stars is greatly enhanced between 5000 and 6000 K. Due to its deficiency of helium-rich objects, this temperature range was termed the non-DA gap. The existence of this gap is usually understood as the consequence of processes that transform a significant fraction of helium-rich stars into hydrogen-rich stars (near 6000 K) and that later transform hydrogen-rich objects into helium-rich objects (near 5000 K). So far, no consistent physical explanation for the existence of the non-DA gap has been proposed (Hansen 1999; Malo et al. 1999; Bergeron et al. 2001) .
On the other hand, results obtained by Kowalski & Saumon (2006) and Kilic et al. (2009a,b) suggest that the overabundance of hydrogen-rich object is not limited to the 5000−6000 K range and that it extends all the way to the coolest objects at T eff ≈ 4000 K. In fact, they find that almost every single object in their samples is hydrogen-rich for T eff < 5000 K. The overabundance of hydrogen-rich stars between 5000 and 6000 K would therefore not be a gap but rather a portion of a continuous process that irreversibly transforms helium-rich atmosphere into hydrogen-rich atmospheres. has tentatively suggested that this transformation could be due to the accretion of hydrogen from the interstellar medium.
The fact that the atmospheric composition of the coolest white dwarfs is still open to debate is concerning for white dwarf age dating. As white dwarfs cool down monotonically and as their cooling rate can be precisely modeled (Hansen 1999; Fontaine et al. 2001; Renedo et al. 2010) , they can be very accurate cosmic clocks (for applications to various stellar populations, see Oswalt et al. 1996; García-Berro et al. 2010; Kalirai 2012; Tremblay et al. 2014) . However, in order to use a white dwarf as a cosmochronometer, a precise determination of its atmospheric parameters is required. In particular, it is important to know its atmospheric composition, since helium-rich and hydrogen-rich atmospheres do not have the same opacities and therefore have different cooling rates. For instance, for a white dwarf with T eff = 4000 K and log g = 8, a mistake on the atmospheric composition can lead to an error of ∼ 1 Gyr on its cooling age (Fontaine et al. 2001 , assuming that the white dwarf evolves with a constant atmospheric composition). In this context, knowing the atmospheric composition of the coolest (and thus oldest) white dwarfs becomes an even more pressing problem.
There are two main reasons that explain the discrepancies between studies that conclude to the existence of the non-DA gap and those that suggest a continuous increase of the hydrogen-rich to helium-rich ratio. The first one is that the samples of Kowalski & Saumon (2006) and Kilic et al. (2009a,b) are limited to DA and DC white dwarfs. Therefore, they completely ignore the existence of DQs and DZs, which have helium-rich atmospheres (for limits on the hydrogen abundance in the atmospheres of DQs and DZs, see Dufour et al. 2005 Dufour et al. , 2007b . For this reason, their samples are strongly biased towards hydrogen-rich stars. In particular, we can be confident that helium-rich white dwarfs do exist below 5000 K, since DQs and DZs are found at those temperatures.
The second reason that explains the discrepancy between both sets of studies is related to the fact that both helium-rich and hydrogen-rich stars become DCs below ≈ 5000 K. In fact, the thermal energy becomes too small to excite the atomic states that are required to produce hydrogen or helium spectral lines in the visible and most white dwarfs with T eff 5000 K thus show a flat, featureless spectrum. This implies that the chemical composition of the atmospheres of such stars must be derived solely from the photometric observations (since no useful information can be retrieved from the spectroscopy). Atmosphere models are used to fit the spectral energy distribution (SED) assuming both hydrogen-rich and helium-rich models and the best solution indicates the most likely composition of the atmosphere. As this process depends on a detailed fit of the SED, small differences between different sets of atmosphere models can lead to different solutions. The same star can be classified as having a hydrogen-rich atmosphere using one set of models and as having a helium-rich atmosphere using another set of models. This is precisely what happens here. Compared to the models of Bergeron et al. (1995 , used in Bergeron et al. 1997 Kilic et al. 2006b Kilic et al. , 2010 , the models employed in Kowalski & Saumon (2006) and Kilic et al. (2009a,b) include numerous improvements for the treatment of nonideal effects in the dense atmospheres of cool white dwarfs. These improved models predict that cool helium-rich white dwarfs have SEDs that are very close to that of blackbodies. As this is not observed, cool white dwarfs are almost all classified as hydrogenrich . This paper aims at fixing the issues that tarnished previous analyses of the spectral evolution of cool white dwarfs. On the theoretical front, our analysis is based on state-of-the-art atmosphere models that take into account all high-density effects relevant for the modeling of the atmospheres of cool white dwarfs (Blouin et al. 2018a, hereafter Paper I) . These new models have the advantage of being also applicable to metal-polluted white dwarfs. Not only is this useful for modeling all cool white dwarfs (and not only pure hydrogen and pure helium objects), but it is also an excellent way of observationally validating the input physics of our models. Indeed, as metal-polluted white dwarfs (DQs and DZs) are the only ones to still show spectral features in the visible below T eff ≈ 5000 K, they represent a unique opportunity of testing our models against observations. In contrast, as there is no challenge in fitting the flat spectrum of DC white dwarfs, they cannot be used to discriminate between good and poor models. Using this insight, we tested our models against some of the most challenging cool metal-polluted white dwarfs (see Paper I and Blouin et al. 2018b, 2019b, hereafter Papers II and III) . In every case, we showed that our models can accurately reproduce the complex spectral features observed in those objects, which validates their constitutive physics.
On the observational front, the analysis presented in this paper is based on the largest (501 objects) homogeneous sample of cool white dwarfs ever studied. The homogeneity of our sample is guaranteed by the fact that all our fits are based on data obtained from the same three surveys (Pan-STARRS1, 2MASS and Gaia DR2). Additionally, no discrimination on the spectral types was made during the selection of the sample, which ensures a good representation of the diversity of the chemical compositions of cool white dwarf atmospheres. Section 2 details our methodology, including the selection of the sample, the model atmosphere code and the fitting procedures. In Section 3, we present the solutions of our fits and analyze in detail some interesting objects. In particular, we turn our attention to the so-called peculiar non-DAs-stars for which the photometric and spectroscopic observations suggest conflicting atmospheric compositions (Bergeron et al. 1997 )-and to DQpec white dwarfs-carbon-polluted objects with distorted Swan bands (Hall & Maxwell 2008) . After a careful analysis of the biases that affect our sample, Section 4 presents our conclusions on the spectral evolution of cool white dwarfs. Finally, our main findings are summarized in Section 5.
2. METHODOLOGY 2.1. Sample selection We defined the selection criteria of our sample so that a maximum number of white dwarfs could be included, while ensuring that the observations used for the photometric fits are homogeneous. Six criteria must be satisfied for an object to be part of our sample.
1. It must have a parallax measurement from the Gaia DR2 (Gaia Collaboration 2016 , 2018 . The parallax is important not only for measuring the mass of the white dwarf, but also for identifying unresolved binary systems.
2. Each object must have grizy photometry from the Panoramic Survey Telescope and Rapid Response System (Pan-STARRS1, Chambers et al. 2016) .
3. For each object, there must be at least J photometry (ideally H and K also) in the Two Micron All Sky Survey (2MASS).
4. A spectrum must be available for each object, so that the appropriate atmospheric composition can be assumed in our models. In particular, the presence of Hα is useful for identifying hydrogen-rich atmospheres and metal lines and C 2 Swan bands are used to fix the amount of heavy elements in the model atmospheres of DZ and DQ white dwarfs, respectively.
5. Stars that are part of a known unresolved binary system were rejected.
6. Only objects cooler than 8300 K were retained. This upper limit is motivated by our wish to verify the existence of the non-DA gap. To do so, we need to compare the abundance of hydrogen-rich stars above and below the blue edge of this gap at T eff ≈ 6000 K. The 8300 K value was chosen as it allows to compute the fraction of hydrogen-rich stars as a function of effective temperature for 500 K bins up to a bin centered at 8000 K.
We relied on the Montreal White Dwarf Database (MWDD, Dufour et al. 2017 ) to identify objects that match these criteria. In total, we found 503 stars that satisfy all six criteria. The bulk of these objects are part of the Limoges et al. (2015) sample (292 objects) and the rest comes from a number of other studies (Bergeron et al. 1997 Putney 1997; Kawka & Vennes 2006 , 2012 Subasavage et al. 2007 Subasavage et al. , 2008 Subasavage et al. , 2009 Subasavage et al. , 2017 Kilic et al. 2010; Giammichele et al. 2012; Sayres et al. 2012; Kleinman et al. 2013; Gianninas et al. 2015; Kepler et al. 2015 Kepler et al. , 2016b . Among the 503 objects initially selected, two of them (GJ 1221 and GJ 1228) were rejected because no appropriate models are available at the moment to properly model their atmospheres. These two white dwarfs, classified as DXP stars, are characterized by broad, unidentified absorption features and a very large magnetic field (B > 100 MG, Berdyugin & Piirola 1999; Putney & Jordan 1995) . Therefore, our final sample contains 501 objects, which are listed in Tables 1  (astrometric data) and 2 (photometric data).
Due to the relatively small limiting magnitude of 2MASS, requiring each object to be in 2MASS considerably reduces the size of our sample. Nevertheless, this constraint is important since observations in the infrared are necessary to detect collision-induced absorption (CIA) from molecular hydrogen, which is very useful to constrain the hydrogen abundance. This is a particularly important parameter to determine if we want to get an accurate picture of the spectral evolution of cool DC white dwarfs.
Atmosphere models
Our model atmosphere code is described at length in Paper I. It is based on the code described in Bergeron et al. (1995) and Dufour et al. (2005 Dufour et al. ( , 2007b , but also includes a number of nonideal high-density effects that arise in the dense atmospheres of cool white dwarfs. In particular, continuum opacities are corrected for collective interactions (Iglesias et al. 2002; Rohrmann 2018) , an ab initio equation of state for hydrogen and helium is assumed (Becker et al. 2014) , the pressure ionization of helium is modeled using the ab initio calculations of Kowalski et al. (2007) , an accurate description of the pressure broadening of Lyα is included (Kowalski & Saumon 2006) , the H 2 −He CIA profiles are corrected for many-body collisions and CIA from He−He−He interactions is included . Moreover, our code includes significant improvements relevant for the accurate modeling of cool metal-polluted atmospheres, such as accurate line profiles for important heavy element lines (Paper III; Allard & Alekseev 2014; Allard et al. , 2016a Allard et al. ,b, 2018 Blouin et al. 2019a ), a state-of-the-art treatment of the nonideal ionization equilibrium of C, Ca, Fe, Mg and Na (Paper I), and the distortion of the C 2 Swan bands in DQpec stars (Kowalski 2010) . Note also that we now include the C 2 Swan bands opacity using a line-by-line approach with the linelist of Hornkohl et al. (2005) . This approach noticeably improves our fit to the shape of the Swan bands compared to the just overlapping line approximation (Zeidler-K.T. & Koester 1982) implemented (Bergeron et al. 1997) . The solid angle π(R/D) 2 and T eff are found by fitting the model fluxes to the observed SED with the Levenberg-Marquardt algorithm. Since D is known from the Gaia parallax measurement, the white dwarf radius R can be computed from the solid angle. The mass and the surface gravity of the white dwarf are then found with the evolutionary models of Fontaine et al. (2001) . Note that for all DA stars in our sample we assume a pure hydrogen atmosphere. This assumption is very common in the literature (e.g. Bergeron et al. 2001; Gianninas et al. 2011; Limoges et al. 2015) and is supported by the comparison between synthetic and observed Balmer lines profiles. For cool white dwarfs, Balmer lines become shallower and wider when the H/He ratio is decreased. While it is not possible to distinguish between Balmer lines created in a pure hydrogen atmosphere and an atmosphere with log H/He = 2, the differences between a pure hydrogen atmosphere and a helium-dominated atmosphere (log H/He < 0) are obvious. As our sample is largely based on the sample of Limoges et al. (2015) and as their spectroscopic analysis shows no evidence of helium-dominated DAs, we conclude that we can safely assume that all DAs in our sample are hydrogen-rich. There remains the question of whether they simply have a hydrogen-dominated atmosphere or a pure hydrogen atmosphere, but since we cannot distinguish between both possibilities we assume a pure hydrogen composition for simplicity. Note that this assumption does not interfere with the main purpose of this work, since we only need to know which stars are hydrogen-rich and which ones are helium-rich.
DCs
The fitting procedure for DC stars is identical to the procedure described above for DAs, except that the atmospheric composition is a priori unknown. If the effective temperature is high enough that we should see Balmer lines if the atmosphere was hydrogen-rich, then we assume a helium-rich composition. If the temperature is too low to produce detectable Balmer lines (T eff 5000 K), then the atmospheric composition determination is based on the photometry. Finding the atmospheric composition of a DC white dwarf solely from the photometry can be difficult. That being said, differences between SEDs produced by stars with different compositions (see Figure 1) can generally be exploited to confidently establish the atmospheric composition of such objects.
Three distinct photometric fits are performed for each cool DC white dwarf in our sample: one assuming a pure hydrogen atmosphere, one assuming a pure helium atmosphere and one assuming a mixed H/He atmosphere, where the H/He ratio is a free parameter that is adjusted to the observations. To identify the best of the three solutions, we do not simply pick the solution with the smallest χ 2 . This approach is misguided when com- . In all cases, a surface gravity of log g = 8 is assumed.
paring solutions obtained with different numbers of free parameters. In fact, it is almost always possible to obtain a smaller χ 2 by adding one more free parameter to the fit (the H/He ratio), but the gain obtained with this additional parameter is not always statistically significant. Instead, we use the Akaike information criterion (AIC). This criterion penalizes a model according to the number of free parameters it contains, thus enforcing Occam's razor. The best model is the one with the smallest AIC, which is given by (Akaike 1974; Burnham & Anderson 2002 )
where k is the number of degrees of freedom in the model and L is the maximum value of the likelihood function. Note that for least-square model fitting the likelihood function is simply given by ln L = C − χ 2 /2, where C is a constant that is independent from the model and can be ignored. When we fit photometric data, we are only fitting a small number of data points. In such circumstances, it is necessary to use an AIC that is corrected for small data samples (Hurvich & Tsai 1989) ,
where n is the sample size (in our case the sample size corresponds to the number of bands included in our photometric fit). To our knowledge, this is the first time that such a detailed statistical analysis is applied to the problem of the determination of the atmospheric composition of DC stars. Previous analyses either only used mixed H/He models when CIA was obviously present in the SED (Bergeron et al. 1997 Kilic et al. 2010) or directly compared mixed and pure solutions without rigorously computing the significance of the χ 2 reduction following the addition of a third free parameter Kilic et al. 2009a) .
5 Both approaches are problematic.
The first one could miss mixed objects that do not show strong CIA and the second one is biased towards mixed solutions (e.g., ≈ 50% of DCs analyzed by Kilic et al. 2009a are classified as mixed objects). By accurately quantifying the weight of evidence in favor of each solution, our methodology should not be influenced by those biases.
We performed a small numerical experiment that clearly illustrates the danger of using an approach where the H/He ratio is directly considered as a free parameter (i.e., by fitting every DC star with a grid of mixed H/He compositions ranging from pure hydrogen to pure helium and adjusting the H/He ratio as a free parameter). We generated a set of 100 "synthetic" pure hydrogen stars with effective temperatures ranging from 4000 to 6000 K. To do so, we used the synthetic photometry obtained from our models to which we added a Gaussian noise to mimic the observational uncertainties (we assumed a typical 3% uncertainty for the visible photometry and 5% for the infrared). For 45% of these pure hydrogen objects, the fit obtained by adjusting the H/He ratio in order to obtain the smallest χ 2 corresponds to a mixed H/He solution (i.e., −5 < log H/He < 0.5).
6 This numerical experiment demonstrates that this approach is heavily biased toward finding mixed solutions, even for stars that actually have a pure composition. In contrast, if we use our AIC approach, we find the correct (pure hydrogen) solution in all cases.
We also performed an experiment to make sure that our AIC approach is not biased toward pure compositions. To do so, we fitted a set of 100 "synthetic" mixed H/He white dwarfs with effective temperatures ranging from 4000 to 6000 K and hydrogen abundances between log H/He = −5 and 0. As in our previous experiment, we injected a Gaussian noise to mimic the observational uncertainties. We find that our AIC approach retrieves a mixed solution for 92% of these objects.
7 The cases where our AIC approach fails to retrieve a mixed solutions are all for objects with hydrogen abundances near log H/He = 0, where the SED becomes very similar to that of a pure hydrogen object. Therefore, the bias of the AIC approach against mixed objects is very weak compared to the bias against pure compositions exhibited by the method where the H/He ratio is directly considered as a free parameter, which justifies our methodology.
The AIC can also be used to estimate how likely it is that our atmospheric composition determinations are accurate (Burnham & Anderson 2002) . For each model i (i.e., for the pure hydrogen, the pure helium and the mixed H/He models) we can compute the difference in AIC with respect to the best model,
From there, the Akaike weights w i are computed as,
Each weight w i can be interpreted as the probability that model i is the best model. Therefore, we can now quantify the degree of confidence of our atmospheric composition determinations. In particular, given our hydrogenrich and helium-rich fits, we can compute the odds that a DC star is hydrogen-rich versus helium-rich. Some examples of the usefulness of the Akaike weights are given in Section 3.1.
DQs and DZs
For metal-polluted objects, we still rely on a photometric fit (see Section 2.3.1) to determine T eff and log g, but we also use the observed spectrum to find the abundances of heavy elements. Our approach is identical to that of Dufour et al. (2005 Dufour et al. ( , 2007b . Once a photometric solution is found, we adjust the metal abundances to obtain a good fit to the spectroscopy. As the abundances derived from this spectroscopic fit are usually different from our initial guess, we repeat the whole procedure (including the photometric fit) until a consistent solution is found. For DQ and DQpec objects, we use the C 2 Swan bands to constrain the C/He abundance ratio. For DZs, we use the Ca II H & K doublet and the Ca I resonance line to find Ca/He. The Fe/He, Mg/He and Na/He ratios are also adjusted when the relevant spectral lines are visible. Otherwise, the abundance ratios of all heavy elements are scaled to the abundance of Ca to match the abundance ratios of CI chondrites (Lodders 2003) .
8 Finally, unless there is direct evidence of the presence of hydrogen in the atmosphere (i.e., Balmer lines, CH bands or H 2 −He CIA), a hydrogen-free atmosphere is assumed for all DQ and DZ white dwarfs.
3. RESULTS Following the fitting procedures described in Section 2.3, we obtained the atmospheric parameters of all 501 objects included in our sample. They are listed in Table 3 , which is published in its entirety in the machinereadable format. Our statistical analysis of this sample and its implication on the spectral evolution of cool white dwarfs is presented in Section 4. The rest of this section is devoted to a more in-depth analysis of a number of noteworthy objects. Figure 2 displays some examples of photometric fits to DA and DC white dwarfs (the complete set of photometric fits is available in the online journal). For DCs, both pure hydrogen and pure helium solutions are shown. The mixed H/He solution is only shown if the solution found when the H/He ratio was adjusted as a free parameter does not correspond to a pure hydrogen or a pure helium solution. For each object, the composition that leads to the smallest Akaike weight is designated as being the most likely composition (Section 2.3.2).
DAs and DCs
Note that the Akaike weights are particularly useful when trying to assess our degree of confidence in the determination of the atmospheric composition of DC stars. Table 3 is published in its entirety in the machine-readable format. a Cooling times are computed using the evolutionary models of Fontaine et al. (2001) . For instance, for a star like WD 1033+714 (Figure 2 ), the Akaike weights are w H = 0.93 for the pure hydrogen solution, w He = 0.07 for the pure helium solution and w mixed = 0.00 for the mixed H/He solution. This indicates that we can be quite confident that it is a hydrogenrich object. Similarly, the Akaike weights strongly suggest that WD 1346+121 has a pure helium atmosphere (w He = 0.94, see Figure 2 ). Note that if we had simply used the χ 2 to identify the atmospheric composition of WD 1346+121, the mixed model would have been chosen since its χ 2 is smaller than that of the pure hydrogen and pure helium solutions. By adding a penalty for the additional free parameter, the Akaike weights reverse this verdict and assign a low probability to the mixed solution. Figure 3 shows an example where large observational errors lead to a much more uncertain composition. The Akaike weights for the mixed and pure hydrogen solutions are virtually equal, which reflects our inability of confidently identifying the atmospheric composition of this object.
Another interesting aspect of Figure 2 is the presence of two T eff < 5000 K DC white dwarfs for which we find a pure helium solution. Note that the Akaike weights for the pure helium solutions are ≥ 0.9 in both cases, which suggests that we can be quite confident in those solutions. In fact, out of the 74 DC stars cooler than 5000 K in our sample, we find pure helium solutions for 16 of them. We also find that 3 of those 74 DC stars have a mixed H/He atmosphere dominated by helium, which implies that ≈ 25% of DCs cooler than 5000 K have helium-rich atmospheres. This result is in strong disagreement with the conclusions of , Kowalski & Saumon (2006) and Kilic et al. (2009a,b) , according to which helium-rich DC white dwarfs cooler than 5000 K are nearly nonexistent. The implications of this finding on the spectral evolution of cool white dwarfs will be discussed in Section 4.
Peculiar non-DAs
In the 6200 K ≤ T eff ≤ 7600 K temperature range, Bergeron et al. (1997 Bergeron et al. ( , 2001 ) have identified DC stars for which the photometric fit yields a pure hydrogen solu- tion. Given their surface temperatures, those objects are expected to show Hα in their spectra if they have a hydrogen-rich atmosphere. The pure hydrogen photometric fits are therefore in contradiction with the spectroscopic observations, which led Bergeron et al. (1997 Bergeron et al. ( , 2001 ) to designate those stars as peculiar non-DAs. Furthermore, they interpreted these peculiar non-DAs as forming a distinct physical group and, because of their proximity to the blue edge of the non-DA gap, they speculated that they are objects whose atmospheres are about to become hydrogen-rich. Our analysis also reveals the presence of 13 objects for which the pure hydrogen composition inferred from the photometry is incompatible with the absence of Hα (see Table 4 ).
9 Interestingly, out of the seven peculiar non-DAs in Bergeron et al. (1997 Bergeron et al. ( , 2001 ) that are part of our sample, only two (PSO J091554.370+532508.067 and PSO J104153.917+141545.969) are found to have an SED that is better represented by a hydrogen-rich atmosphere. In principle, if peculiar non-DAs did form a physical group, we should find that objects identified as peculiar non-DAs by Bergeron et al. (1997 Bergeron et al. ( , 2001 ) are also flagged as peculiar non-DAs in our analysis. These conflicting results could be due to the fact that we rely on different photometric systems. In particular, we note that our 2MASS infrared photometry is of lesser quality than the JHK photometry used in Bergeron et al. (1997 Bergeron et al. ( , 2001 . To evaluate the impact of the photometric system, we performed photometric fits for the nine peculiar non-DAs identified in Bergeron et al. (1997 Bergeron et al. ( , 2001 ) using their photometric data, but our atmosphere model grid. We found that the photometric fits favor a pure hydrogen composition for five of those objects and a pure helium composition for the remaining four. Note that we reach the same conclusions if we use the trigonometric parallaxes reported in Bergeron et al. (1997 Bergeron et al. ( , 2001 instead of the more accurate Gaia parallaxes.
The fact that the choice of the photometric system and small differences in model grids can tip the photometric solution to another atmospheric composition raises some doubt about the interpretation according to which peculiar non-DAs from a distinct physical group. Could the existence of those objects simply be explained by random errors in the observations? After all, the difference between a pure hydrogen and a pure helium solution is not always statistically significant (i.e., the Akaike weights can be close to each other), which inevitably leads to a number of misclassifications. Given the Akaike weights of our best solution for every DC with T eff > 5000 K (that is, objects for which we should see Hα if they had a hydrogen-rich atmosphere), we can actually compute how many peculiar non-DAs we expect due to the uncertainties of our photometric fits. For the 45 DCs in this temperature range, we find an average Akaike weight of 0.76 for the best solutions. This means that we expect that the composition inferred from the photometry will be incorrect for (24 ± 6)% of those 45 DCs, which is perfectly consistent with our actual error rate in this temperature range of 27% (12 out of 45).
10
While the number of peculiar non-DAs in our sample seems consistent with random errors, we note that Bergeron et al. (1997 Bergeron et al. ( , 2001 ) identified systematic trends in the observed SEDs of peculiar non-DAs that supported the interpretation according to which they form a distinct physical group. In particular, they found that the pure helium models systematically fail to reproduce the observed B and I photometry by underestimating the B flux and overestimating the I flux. The four clearest examples of this behavior are given in Figure 17 of Bergeron et al. (1997) and Figure 11 of Bergeron et al. (2001) . In Figure 4 , we show our fits to those four objects. While we do observe that our pure helium models slightly underestimate the flux in the B band and overestimate the flux in the I band, the differences are smaller than ≈ 1σ (except for WD 2011+065) and might not be significant. Moreover, for WD 0000−345 and WD 1039+145, the Akaike weights of the pure helium solution are too high to confidently rule out this solution, and, in the case of WD 0423+120, we even find that the pure helium solution is a better fit to the data than the pure hydrogen solution.
As an additional test, we fitted the nine peculiar nonDAs of Bergeron et al. (1997 Bergeron et al. ( , 2001 )-all stars for which they found a better match to pure hydrogen than to pure helium models-using their observations and their atmosphere models. For the pure helium solutions, we find an average Akaike weight of 0.44, meaning that the quality of the pure hydrogen and pure helium solutions is very similar and that the chemical composition determination is quite uncertain. Moreover, for three of those objects, we actually find a smaller χ 2 (and a larger Akaike weight) for the pure helium solution than for the pure hydrogen solution, suggesting that they are not peculiar non-DAs after all.
Our analysis makes a strong case for a simple interpretation according to which the existence of peculiar nonDAs is the unavoidable consequence of the intrinsic uncertainty of the photometric technique. That being said, the fact that two objects-PSO J091554.370+532508.067 (WD 0912+536) and PSO J104153.917+141545.969 (WD 1039+145)-are flagged as peculiar non-DAs in both our analysis and the analysis of Bergeron et al. (1997 Bergeron et al. ( , 2001 ) prevents us from ruling out the idea that some peculiar non-DAs are part of a distinct physical group. Given that the same conclusion is reached using both different models and different observations, it appears that those two objects are indeed peculiar. Interestingly, WD 0912+536 harbors a very strong magnetic field (B ∼ 100 MG, Angel et al. 1972; Angel 1978) , possibly hinting to a connection between peculiar nonDAs and magnetism (however, no circular polarization was detected for WD 1039+145, Angel et al. 1981 ). In the same vein, we note that Bergeron et al. (1997) have suggested the existence of a relation between magnetic fields and the chemical evolution of cool white dwarfs.
Hydrogen traces in helium-rich DC white dwarfs
Based on a comprehensive analysis of white dwarfs discovered by the Gaia mission, Bergeron et al. (2019, submitted) recently claimed that pure helium white dwarfs below T eff = 11 000 K are extremely rare. In a nutshell, additional electron donors (metals or hydrogen) have to be included in the atmosphere models of helium-rich objects in order to obtain reasonable masses. Formally, only upper limits on the hydrogen abundance of DC stars can be determined. As the presence of hydrogen traces affects the atmospheric parameters obtained from a photometric fit, our inability to accurately measure the H/He abundance ratio of those objects implies that our T eff and log g determinations are uncertain.
To see by how much T eff and log g can be affected by trace amounts of hydrogen, we studied a subsample made up of all DC stars for which we found a pure helium composition. For each of those objects, we performed a second photometric fit assuming a hydrogen abundance of log H/He = −5. Note that this hydrogen abundance is too small to produce any detectable Hα feature or to give rise to significant H 2 −He CIA. As shown in Figure 5 , the addition of this trace amount of hydrogen has an important effect on T eff and log g, particularly at high temperatures. This implies significant uncertainties on the atmospheric parameters of helium-rich DC white dwarfs. By adding free electrons to the atmosphere, small amounts of hydrogen reduce the determined effective temperature (by 400 K at worst and by 120 K on average) and the surface gravity (to keep the luminosity constant, the star has to be inflated to compensate the decrease of T eff ). This behavior is analogous to the reduction of the photometric T eff and log g following the addition of carbon-another electron donor-in DQ model atmospheres (see Figure 8 of Dufour et al. 2005) . To account for this uncertainty, we shifted our helium-rich solutions for DC white dwarfs halfway between the pure helium and the log H/He = −5 solutions and we adjusted the uncertainties so that they now encompass both solutions. The T eff , log g, M and τ cool values reported in Table 3 include these corrections. Figure 6 shows examples of photometric and spectroscopic fits to DZ white dwarfs. The complete set of fits is available in the online journal, except for LP 658−2, Ross 640, SDSS J080440.63+223948. Bergeron et al. (1997 Bergeron et al. ( , 2001 ). These fits were obtained using their photometric data and trigonometric parallaxes (as they did not have any parallax measurement for WD 0423+120, we assumed log g = 8 for this object). in Blouin et al. (2019a) . As in Papers I, II and III, our models are in excellent agreement with the observations. Our solutions are consistent across all wavelengths and they properly reproduce the observed spectral lines. In particular, for the three examples shown in Figure 6 , we obtain good fits to the resonance line of Ca I at 4226 Å and to the Ca II H & K doublet. This suggests that the pressure and temperature structure of our DZ models are accurate, since these profiles are sensitive to the physical conditions in the line-forming regions of the atmosphere (Allard & Alekseev 2014).
DZs

DQs
In Figure 7 , we show examples of photometric and spectroscopic fits to three DQs (the complete set of fits is available in the online journal). Clearly, our best solutions are in good agreement with the observations. Things get more complicated if we look at cooler carbonpolluted atmospheres. The cooling sequence of DQs stops at T eff ≈ 6000 K (Dufour et al. 2005; Koester & Knist 2006) to give way to DQpec white dwarfs. The spectra of those objects are vaguely similar to that of DQs: they show Swan-like absorption bands that are blue-shifted by a few hundreds Angstroms (Bergeron et al. 1994; Schmidt et al. 1995; Hall & Maxwell 2008) . Using density functional theory (DFT) calculations, Kowalski (2010) has convincingly shown that the physical explanation for the DQ→DQpec transition is the pressure-driven distortion of the C 2 Swan bands. As a carbon-polluted white dwarf cools down, its atmosphere becomes denser. Near T eff = 6000 K, the helium density becomes high enough to affect the electronic levels of the C 2 molecule, which leads to an increase of the electronic transition energy T e of the Swan bands. It is this increase that explains the shift of the C 2 Swan bands towards lower wavelengths. According to the ab initio calculations of Kowalski (2010) , the shift of T e is linear with respect to density,
with α = 1.6. However, as pointed out by Kowalski (2010) , such a shift overestimates the distortion of Swan bands in the spectra of DQpec white dwarfs. There are two ways to solve this problem: either we change the slope of Equation 5 or we find a way of decreasing the photospheric density of DQpec models. -Examples of photometric and spectroscopic fits for three DZ white dwarfs. Each row represents one object. For the spectroscopic fits, the observations are shown in black and the best fit is represented by the red spectrum. The complete set of fits (16 objects) is available in the online journal. Kowalski (2010) proposed that the photospheric density of DQpec stars could be lowered if hydrogen is added to their atmospheres. In fact, in their analysis of LHS 290, they show a fit where they compensate for the strong ∆T e = 1.6ρ shift by supposing an ad hoc log H/He = −2.2 hydrogen abundance. We are very skeptical that this is the correct way of reconciling the DFT calculations with the observations, since such a high amount of H would lead to the formation of a significant quantity of CH. We added the CH rovibrational bands to our code using the Kurucz linelists 11 , which rely on data from Masseron et al. (2014) . Figure 8 shows synthetic spectra computed for parameters very similar to those of LHS 290 (T eff = 6000 K and log C/He = −6.0) and with different H/He abundance ratios. Clearly, a hydrogen abundance as low as log H/He = −4.0 is sufficient to produce an unmissable CH G band near 4300 Å and the log H/He = −2.2 value can be safely rejected. For the models of Figure 8 , the pure helium and the log H/He = −4.0 models have photospheric densities of 0.20 g cm −3 and 0.16 g cm −3 (at τ R = 2/3), respectively. This slight reduction of the density is not suffi-cient to compensate for the too important shift implied by the α = 1.6 parameter. Therefore, we conclude that adding ad hoc amounts of hydrogen in the atmospheres of DQpec stars is not the solution to the discrepancy between the DFT calculations and the observations.
Calibration of α
While we rejected the idea that an undetected amount of hydrogen could bring the density down to a level where the α = 1.6 value is compatible with the observations, it is still possible that a missing piece of input physics in our models leads to an overestimation of the photospheric density in cool carbon-polluted white dwarfs. However, we believe that it is more likely that the current implementation of the shift of C 2 Swan bands is incorrect. In particular, we still use the standard Swan band spectrum, which we merely shift at every atmospheric layer with the ∆T e value given by Equation 5. Until the absorption of C 2 in dense helium is modeled, which is a much more computationally intensive task than computing ∆T e (ρ), this approximation will remain unjustified.
In the meantime, for the purpose of this paper, it is sufficient to resort to a more approximative way of fitting DQpec objects and we calibrate α using the observed spectra of distorted Swan bands. After testing several α parameters, we found that the value that leads-for most objects-to the best agreement between models and observations is α = 0.2. This value is actually a compromise, since we found that no fixed α parameter could perfectly reproduce the distorted Swan bands of all DQpec white dwarfs. Nevertheless, as shown in Figure 9 , the α = 0.2 value allows a good fit to the Swan bands of carbon-polluted white dwarfs across a large temperature range. The most important disagreement is for WD 1008+290, where the bands could be more rounded. Note, however, that additional mechanisms might play a role, since WD 1008+290 has an intense magnetic field (B > 10 MG, Schmidt et al. 1999 ) that could affect the position of the Swan bands (Liebert et al. 1978; Bues 1991 Bues , 1999 .
Problematic objects
In our analysis of DQ and DQpec objects, we encountered five cases for which a completely satisfying solution could not be found. Here, we detail the challenges posed by those objects and speculate about possible ways of resolving the discrepancies between models and observations. -Spectroscopic fits to the Swan bands of four DQ/DQpec stars. These four stars represent a sequence of decreasing temperature, which also corresponds to a sequence of increasing photospheric density and of increasing distortion of the Swan bands by high-pressure effects. The red spectra (solid lines) correspond to our best solutions assuming α = 0.2 and the blue ones (dashed lines) correspond to the case where the Swan bands are not distorted by high-pressure effects (i.e., α = 0). Note that the blue spectra were computed assuming the same atmospheric parameters as those found by fitting the observational data with a grid of α = 0.2 models.
one being BPM 27606). Using a hydrogen abundance of log H/He = −4.3, we are able to achieve a reasonable fit to the G band (Figure 10 ). However, our solution overestimates the distortion of the Swan bands (the C 2 bands of our fit are too rounded compared to the observations). This problem suggests that GJ 1086 contains more hydrogen than assumed, since adding hydrogen would reduce the distortion of the Swan bands by decreasing the photospheric density. However, the H/He ratio is already constrained by the strength of the CH G band, and thus we cannot find any solution that simultaneously fits all spectral features. One way to fix this problem would be to change the C 2 and/or CH dissociation equilibrium. After all, pressure effects are known to affect the H/H 2 ratio in dense hydrogen (Vorberger et al. 2007; Holst et al. 2008 ) and in dense helium-rich mediums , so it is likely that something similar occurs with C 2 and CH in the dense atmospheres of cool carbon-polluted white dwarfs. If the nonideal effects on the dissociation equilibria are such that they reduce the CH/C 2 ratio, they could explain (at least in part) the discrepancy described above. Furthermore, it is also worth noting that GJ 1086 is a magnetic white dwarf (Angel & Landstreet 1974) , with B ≈ 7 MG (Berdyugina et al. 2007; Vornanen et al. 2010) . As already stated, the impact of such strong fields on the opacities of carbonpolluted atmospheres remains unclear. Note also that convection might be suppressed (Tremblay et al. 2015; Gentile Fusillo et al. 2018) , which would significantly affect the atmosphere structure.
WD 1235+422 -WD 1235+422 is characterized by strong Swan bands that are very well represented by our models (Figure 10 ). However, our fit to the nearinfrared photometry is less satisfying. While our overestimation of the flux in the J and H bands might be due to observational errors, it is also possible that we are missing an absorption source in the infrared. Given the effective temperature of WD 1235+422, H 2 −He CIA cannot explain this flux depletion. In Section 3.3.3, we explore the possibility that the infrared flux depletion of WD 1235+422 is due to C 2 −He CIA. It is also worth noting that WD 1235+422 is another magnetic white dwarf (Vornanen et al. 2013 ).
LHS 1126 - Wickramasinghe et al. (1982) were the first to identify the strong near-infrared flux deficit that characterizes the SED of LHS 1126 (GJ 2012). Bergeron et al. (1994) and Giammichele et al. (2012) have explained this flux deficit as being due to H 2 −He CIA (they find mixed H/He compositions of log H/He = 0.1 and −1.2, respectively). However, their solutions are not compatible with the ultraviolet observations of LHS 1126, since Wolff et al. (2002) found that Lyα is better reproduced with log H/He = −5.5. Another puzzling finding is that the near and mid-infrared energy distribution of LHS 1126 fits a Rayleigh-Jeans spectrum mimicking a T eff > 10 5 K blackbody (Kilic et al. 2006a) . As with GJ 1086 and WD 1235+422, we also have to worry about the usual suspect-magnetism-since spectropolarimetric measurements of LHS 1126 cannot rule out the presence of a B < 3 MG magnetic field (Schmidt et al. 1995) .
As all previous analyses of LHS 1126, our fit is far from satisfactory. We interpreted the small depression at ≈ 5000 Å as being due to distorted Swan bands and, based on the depth of this feature, we concluded that log C/He = −8.4. Regarding our fit to the photometry, we find a hydrogen abundance of log H/He = −1.2 if we adjust the H/He ratio to the near-infrared photometry. As explained above, this solution must be rejected because of the Lyα analysis of Wolff et al. (2002) . The origin of the infrared flux depletion remains unknown and for this reason the solution displayed in Figure 10 was obtained assuming a hydrogen-free atmosphere and ignoring the JHK bands in our fit to the photometric data. Based on novel ab initio calculations, proposed that He−He−He CIA might explain the infrared flux depletion of LHS 1126. This opacity source is included in our models, but fails to explain the SED of LHS 1126. As noted by , this failure may be due to our poor constraints on the ionization equilibrium of helium under high-pressure conditions (Fortov et al. 2003; Kowalski et al. 2007 ), which controls the photospheric density and therefore the intensity of He−He−He CIA. That being said, our sample contains many helium-rich objects that have denser photospheres than LHS 1126 (e.g., the 16 DC stars cooler than 5000 K for which we find a pure helium composition) and none of them shows a discrepancy similar to that observed here.
WD 1036−204 and WD 1008+290 -Those two objects -identified in Table 3 as PSO J103855.315−204049.761 and PSO J101141.465+284550.360-present a very similar problem. For both of them, our models were unable to properly match the photometric observations. In particular, we were forced to ignore the g and r bands in order to obtain an adequate fit to the other photometric bands. We do not know what explains this discrepancy, but we note that both objects have a very low effective temperature (4530 ± 215 K for WD 1036−204 and 4335 ± 165 K for WD 1008+290) and strong magnetic fields (Schmidt et al. 1999; Jordan & Friedrich 2002 ) that might affect their structures and opacities.
3.3.3. C2−He CIA For some DQs in our sample, our fits to the infrared photometry are unsatisfactory (see for instance WD 1235+422 in Figure 10) . A possible explanation for this mismatch is the omission of an important opacity source in our atmosphere models. Here, we investigate the possibility that C 2 −He CIA affects the SED of cool carbon-polluted atmospheres. A priori, this hypothesis might seem unlikely since the peak of the C 2 −He CIA spectrum is expected to be in the mid infrared, beyond the JHK bandpasses considered here. In fact, the fundamental vibrational band of C 2 is located at 1855 cm −1 (Herzberg 1950) , which implies that absorption will be especially important near 5.4 µm. In contrast, H 2 −He CIA, which dominates the SED of the coolest mixed H/He white dwarfs (Bergeron & Leggett 2002; Kilic et al. 2012; Gianninas et al. 2015) , peaks near 2.3 µm where the fundamental vibrational band of H 2 is located. Nevertheless, it is possible that C 2 overtone bands, which are located at lower wavelengths, are important enough to affect the near-infrared SED of some cool DQpec stars.
To investigate this issue, we use the methodology presented in Blouin et al. (2017) for H 2 −He CIA. More precisely, we use ab initio molecular dynamics (MD) to simulate the evolution of a C 2 molecule in a dense helium medium. In this framework, atoms move according to classical dynamics and DFT is used at each time step to compute the electronic charge density. As shown in Blouin et al. (2017) , this methodology is accurate at both low and high densities, where many-body collisions become important.
The simulations were performed with the CPMD 12 plane-wave DFT code (Marx & Hutter 2000; Hutter et al. 2008) . The DFT calculations were carried out using the PBE exchange-correlation functional (Perdew et al. 1996) and ultrasoft pseudopotentials (Vanderbilt 1990) . Each simulation consisted of one C 2 molecule surrounded by 15, 31, or 63 He atoms in a cubic box whose length was adjusted to obtain the desired density. The densitytemperature space was explored with 35 distinct simulations, ranging from T = 4000 to 8000 K and from ρ = 0.08 to 1.4 g cm −3 . For each simulation, we computed at every time step the dipole moment resulting from the total electronic charge density and the distribution of all nuclei (Silvestrelli et al. 1998; Berghold et al. 2000) . At the end of the MD simulations, we obtained the absorption spectra α(ω) using the Fourier transform of the dipole moment time autocorrelation function (Silvestrelli et al. 1997; Blouin et al. 2017) .
We took precautions to make sure that the periodic boundary conditions of the simulation cell do not give rise to any artificial absorption features. To do so, we performed simulations with different box sizes while keeping the density constant by adjusting the number of helium atoms in each simulation. We found that absorption spectra obtained from MD simulations performed in a box of at least 10 au (5.3 Å) are virtually identical to those obtained from simulations performed in larger boxes. Therefore, finite-size effects are negligible as long as the simulation cell is at least 10 au large and all simulations presented here satisfy this criterion. Note that we also verified that our simulations have converged with respect to the MD simulation time by comparing absorption spectra obtained for different trajectory lengths. We found that a 32 ps trajectory is usually sufficient to obtain a satisfactory convergence. Figure 11 shows the results of our DFT-MD calculations for different densities representative of the photosphere of cool carbon-polluted white dwarfs. At low densities, the general shape of the C 2 −He CIA spectrum is very similar to that of H 2 −He CIA (for comparison, see Figure 3 of Abel et al. 2012) , except that the rotational and vibrational bands are located at higher wavelengths. This is a direct consequence of the higher mass of the C 2 molecule. Also similar to H 2 −He CIA is the evolution of the absorption spectrum with increasing density.
12 http://cpmd.org In particular, the fundamental band becomes less and less important, while the rotational band becomes more prominent and shifts towards lower wavelengths . For the purpose of this paper, the main result of our simulations is that the overtone bands of the C 2 −He CIA are too weak to significantly affect the near-infrared flux of cool carbon-polluted white dwarfs. In fact, we implemented C 2 −He CIA in our model atmosphere code-using analytical fits to our results-and we found that it only has an effect for cool (T eff ≤ 5000 K), relatively carbon-rich (log C/He ≥ −5) models and that this effect is limited to wavelengths beyond the K band.
THE SPECTRAL EVOLUTION OF COOL
WHITE DWARFS Now that we have determined the atmospheric composition of each of the 501 objects included in our sample (Table 3) , we are ready to revisit the spectral evolution of cool white dwarfs. Before going to the results (Section 4.2), we discuss how we can account for selection biases in our sample (Section 4.1).
Correcting for biases
The quantity of interest for the study of the spectral evolution of white dwarfs is the fraction of stars that have a hydrogen-rich atmosphere in a volume complete sample, ρ H /ρ tot = ρ H /(ρ H + ρ He ).
13 Unfortunately, the sample considered in this paper is not volume-complete. We decided not to use a volume-complete sample as it would drastically reduce the number of objects in our sample (the almost complete 20 pc sample contains 106 white dwarfs cooler than 8000 K, Hollands et al. 2018 ) and significantly increase the statistical errors on ρ H /ρ tot .
Given the incompleteness of our sample, a correction must be applied to relate the number of white dwarfs in our sample (N sample H and N sample He ) to the unbiased space 13 In this work, an atmosphere with a H/He abundance ratio greater than 1 is considered hydrogen-rich. density ratio. Remember that the four main selection criteria (Section 2.1) are that each star must have a parallax measurement from the Gaia DR2, grizy photometry from Pan-STARRS1, J photometry from 2MASS and a spectrum to allow an accurate spectral classification. By far, the two main limiting factors out of those four criteria are the need for J photometry from 2MASS and the need for spectroscopic observations. Below, we examine how each of these two criteria can induce a bias on N sample H /N sample tot and how we can correct for those biases to obtain the unbiased space density ratio ρ H /ρ tot .
If we ignore for the moment the criterion on spectroscopic observations, our sample is effectively limited by the 2MASS J band, since Pan-STARRS and Gaia have much deeper fields than 2MASS. Depending on the effective temperature, a hydrogen-rich white dwarf can be more or less luminous in the J band than a helium-rich object with the same effective temperature and surface gravity. This can induce a selection bias in favor of hydrogen-rich or helium-rich objects. To correct for this bias, we use the V max correction (Schmidt 1975) , where V max is the volume defined by the maximum distance at which a given object would still appear in our sample. More specifically, the quantity of interest is V max H /V max He , the ratio between the observed volume of hydrogen-rich objects and that of helium-rich objects. Using our model fluxes, we computed the ratio of the luminosities and, from there, we obtained V max H /V max He . The corresponding V max ratios are given in Table 5 . Note that we assumed log g = 8 to compute V max H /V max He , which is justified by the very similar mass distributions of hydrogen-rich and helium-rich white dwarfs (Giammichele et al. 2012) . The decrease of V max H /V max He at low temperatures is a direct consequence of the onset of CIA, which significantly enhances the opacity in the J band for hydrogen-rich objects. With the data of Table 5 , we can relate the number of hydrogen-rich and helium-rich white dwarfs in our sample to the space density ratio,
Let's now turn to the bias induced by the requirement of having spectroscopic observations for every object in our sample. An appreciable fraction of our spectra (158 out of 501) are from the Sloan Digital Sky Survey (SDSS), which is plagued by numerous selection effects. The SDSS consists of first imaging the sky in five bandpasses and then using this photometry to select targets that deserve spectroscopic observations. This target selection process is based on many different selection criteria that overlap with one another (Harris et al. 2003; Eisenstein et al. 2006b ). Hence, modeling the selection biases induced by the SDSS is an intractable task.
Fortunately, we do not need to worry about these selection effects for objects cooler than 6000 K, since for the vast majority of those cool objects we rely on spectroscopic observations from other sources (Figure 12 ). 14 However, above 6000 K, SDSS objects are much more abundant and we might be at the mercy of SDSS selection effects. To evaluate the severity of those selection effects, we computed the fraction of hydrogen-rich stars for objects of our sample that were spectroscopically observed by the SDSS and for those that were not. We found absolutely no difference for the 6000−8000 K temperature range as a whole (0.80 ± 0.04 for the SDSS objects and 0.82 ± 0.03 for the rest).
15 However, there are differences if we look at smaller temperature bins. For the 7000−8000 K bin, we found hydrogen-rich fractions of 0.91±0.04 for the SDSS objects and 0.84±0.05 for the rest, and, for the 6000−7000 K bin, we found 0.68 ± 0.06 and 0.80 ± 0.04. Strictly speaking, these differences between SDSS and non-SDSS objects are not statistically significant. The probability that, given the finite size of our samples, the fraction of hydrogen-rich objects is the same for stars observed by the SDSS and for those 8000−7000 7000−6000 6000−5000 5000−4000 . The error bars indicate the 1σ uncertainty associated with the finite number of objects in each bin. Note that the results of our sample were corrected using Equation 6 and the data of Table 5 .
not observed by the SDSS (i.e., the p-value) is 0.26 for the 7000−8000 K bin and 0.11 for the 6000−7000 K bin. Nevertheless, it is worth keeping in mind that the SDSS might induce a small bias in favor of hydrogen-rich objects between 7000 and 8000 K and a small bias in favor of helium-rich objects between 6000 and 7000 K 4.2. Results and discussion Figure 13 shows the evolution of the ρ H /ρ tot ratio as a function of decreasing effective temperature and compares our results to those of previous studies. Down to T eff = 5000 K, our results are in good agreement with previous studies-particularly with Limoges et al. (2015) , whose results were based on a bigger sample than the six other studies shown in Figure 13 . It is only below 5000 K that our results stand out from the rest. For the 4000−5000 K temperature bin, we find ρ H /ρ tot = 0.69 ± 0.05, while other studies found either a much lower (≈ 0.4, Bergeron et al. 1997 Bergeron et al. , 2001 Kilic et al. 2010) or a much higher fraction ( 0.95, Kowalski 2006; Kilic et al. 2009a; Limoges et al. 2015) .
Two factors contribute to this difference. On the one hand, contrarily to and Kilic et al. (2009a,b) , our sample includes metal-polluted white dwarfs. As those objects are all helium-rich in the 4000−5000 K temperature bin, they contribute to give rise to a lower ρ H /ρ tot ratio. On the other hand, our models (Paper I) include the nonideal input physics (in particular the improved Lyα opacities, Kowalski & Saumon 2006 ) that led , Kilic et al. (2009a,b) and Limoges et al. (2015) to conclude that the vast majority of cool DC white dwarfs are hydrogen-rich. This factor explains why we find a higher ρ H /ρ tot ratio than Bergeron et al. (1997 Bergeron et al. ( , 2001 ) and Kilic et al. (2010) , who did not include such high-density nonideal effects in their atmosphere models. Note, however, that our conclusions are less extreme than , as we find that the SEDs of ≈ 25% of DC white dwarfs cooler 8000 7500 7000 6500 6000 5500 5000 4500 4000 14.-Fraction of hydrogen-rich white dwarfs as a function of effective temperature for fixed 500 K bins (in blue) and for a 500 K moving bin (in gray, see text for details). As in Figure 13 , the error bars indicate the 1σ uncertainty associated with the finite number of objects in each bin and the correction given by Equation 6 was applied.
than 5000 K are better fitted with helium-rich models (Section 3.1). This is the expected result. We know many DZ white dwarfs cooler than T eff = 5000 K that must have a helium-rich atmosphere in order to explain their broad spectral lines (for examples, see Dufour et al. 2007b, Hollands et al. 2017 and Paper III) . As the pollution of a white dwarf by rocky debris is independent from the evolution of the white dwarf itself, a significant number of non-polluted counterparts (i.e., helium-rich DCs) must exist.
From Figure 13 , the fraction of hydrogen-rich stars seems almost consistent with an evolution at a fixed ρ H /ρ tot ratio. However, the picture looks quite different if we use smaller temperature bins. Figure 14 shows the same plot as Figure 13 , but, this time, 500 K temperature bins were used. To make sure that no feature is missed by our arbitrary binning choice, we also added a continuous ρ H /ρ tot vs T eff curve to Figure 14 (in gray). This continuous curve was obtained by computing ρ H /ρ tot within a 500 K moving bin, which eliminates the arbitrariness of the choice of the bin boundaries. Note also that the weight of each star in the calculation of ρ H /ρ tot was computed using a Gaussian with a standard deviation given by the uncertainty on T eff . Figure 14 reveals a much more complex picture than Figure 13 . The hydrogen-rich fraction decreases from T eff ≈ 7500 K until T eff ≈ 6250 K, then increases until T eff ≈ 5000 K, and decreases again below 5000 K. To confirm that these fluctuations of ρ H /ρ tot are statistically significant, we compared the effective temperature distributions of hydrogen-rich and helium-rich stars in our sample (Figure 15 ). An Anderson-Darling test shows that hydrogen-rich and helium-rich white dwarfs do not follow the same temperature distribution, as the probability that both temperature distributions belong to the same population is 0.002. 16 Moreover, note that these 4000 5000 6000 7000 8000 Table 5 . If we randomly add or remove hydrogen-rich stars in each temperature bin (where the number of additions or withdrawals is determined by the V max H /V max He ratio), we find that the probability that both the hydrogen-rich and helium-rich temperature distributions come from the same distribution is ≈ 0.004. Therefore, it is highly unlikely that the large increases and decreases of ρ H /ρ tot with respect to T eff (Figure 14 ) are due to random fluctuations associated with small-number statistics.
4.2.1. Behavior above 5000 K As explained above, SDSS selection effects could lead to a bias in favor of hydrogen-rich objects between 7000 K and 8000 K and a bias in favor of helium-rich objects between 6000 K and 7000 K (Section 4.1). To check if the decrease of ρ H /ρ tot between 7500 K and 6250 K is solely due to this bias, we compare the evolution of the hydrogen-rich fraction obtained using all stars in our sample to that obtained from a subsample that excludes all SDSS objects (Figure 16 ). Although both samples have different behaviors at high temperatures, they both show a clear decrease of ρ H /ρ tot between 7000 K and 6250 K, suggesting that this feature is not due to SDSS biases.
Another potential problem with our analysis of ρ H /ρ tot is that it includes several objects with a very low mass (Figure 17 ). Since it is impossible for a star with a mass below ≈ 0.45 M to become a white dwarf through single-star evolution within the age of the Universe, those objects are likely part of binary systems (Liebert et al. 2005; Rebassa-Mansergas et al. 2011) . Figure 18 compares the hydrogen-rich fractions that we find if Kolmogorov-Smirnov test is significantly higher (0.013). However, the Anderson-Darling test is more appropriate, since it is more sensitive than the Kolmogorov-Smirnov test when the differences between both distributions are more important near their extremities (Feigelson & Babu 2012) , which is precisely the case here. we include and if we exclude those low-mass objects. Clearly, the evolution of ρ H /ρ tot above 5000 K is the same for both samples, so the contamination of our sample by binary systems cannot explain the decrease of ρ H /ρ tot in the 7500−6250 K range and the increase in the 6250−5000 K range.
Another way to look at the evolution of the hydrogenrich fraction is to look at ρ H /ρ tot as a function of the cooling age (Figure 19 ). While the horizontal axis is distorted compared to Figure 14 , the decrease of ρ H /ρ tot before 6250 K and the increase down to 5000 K are still clearly visible.
17 This shows that the trends observed in the ρ H /ρ tot vs T eff plot (Figure 14 the temporal evolution of cool white dwarfs.
All things considered, the decrease of the hydrogenrich fraction from T eff ≈ 7500 K to T eff ≈ 6250 K and the subsequent increase down to T eff ≈ 5000 K appear to be real. The decrease of ρ H /ρ tot is consistent with what we expect from convective mixing. The deepening of the convection zone with decreasing effective temperature mixes the superficial hydrogen layer with the more massive helium layer underneath, which can turn DAs into non-DAs (Tassoul et al. 1990; Bergeron et al. 1997; Rolland et al. 2018) . However, the increase of ρ H /ρ tot in the 6250−5000 K range is much more intriguing. This increase is similar to that observed at the blue edge of the non-DA gap (Bergeron et al. 1997 , albeit located at slightly lower temperatures. No satisfactory physical explanation for this increase can be found in the literature (Hansen 1999; Malo et al. 1999; Bergeron et al. 2001 ) and we do not have any new scenario to propose.
Behavior below 5000 K
Let's now examine the decrease of ρ H /ρ tot below 5000 K. The first thing to note is that this feature cannot be affected by SDSS selection biases, since there are very few SDSS objects with T eff < 5000 K in our sample (see Figures 12 and 16) . Secondly, we note that the decrease of the hydrogen-rich fraction becomes less obvious if we eliminate the low-mass objects from our sample. For the blue curve of Figure 18 , the decline of ρ H /ρ tot between 5000 K and 4000 K is barely significant. Thirdly, no significant counterpart for the decrease below 5000 K in the ρ H /ρ tot vs T eff figure is visible if we plot ρ H /ρ tot as a function of the cooling age (Figure 19 ). Therefore, it is not clear that the decrease of ρ H /ρ tot below 5000 K reflects the temporal evolution of cool white dwarfs. Instead, the finding that helium-rich white dwarfs become more abundant below 5000 K may simply reflect the fact that they cool down faster than their hydrogen-rich counterparts.
In any case, our results rule out the possibility that cool white dwarfs all become hydrogen-rich as a result of hydrogen accretion from the interstellar medium. This scenario was already challenged by the fact that the accretion rate required for this conversion (≈ 6 × 10 −17 M yr −1 , Kowalski 2006) is incompatible with the limits on the accretion rates of cool helium-rich DA/DZA white dwarfs (10 −20 to 10 −17 M yr −1 , Dufour et al. 2007b; Rolland et al. 2018) .
CONCLUSION
A detailed photometric and spectroscopic analysis of a homogeneous sample of 501 cool white dwarfs was presented. Our analysis was based on a state-of-the-art model atmosphere code that includes all the nonideal input physics required to accurately model the dense atmospheres of cool white dwarfs. As our models are the first to successfully model the most challenging cool DZ white dwarfs (Paper I, II and III) and as our analysis makes use of the largest homogeneous sample of cool white dwarfs studied to date, our results are on firmer grounds than previous attempts at constraining the spectral evolution of cool white dwarfs.
A satisfactory fit was found for all 501 white dwarfs studied in this work, except for a handful of carbonpolluted objects. We explored a few avenues to improve our fits to those stars, such as empirically adjusting the pressure shift of the distorted Swan bands and computing the absorption resulting from C 2 −He collisions. We also revisited a peculiar class of DC stars (known as peculiar non-DAs) for which spectroscopic and photometric observations suggest conflicting chemical compositions. We reported evidence that is at odds with the interpretation according to which those objects form a real physical group.
We found that hydrogen-rich white dwarfs become less abundant when the effective temperature decreases from 7500 K to 6250 K, which is likely explained by convective mixing. From 6250 K to 5000 K, the trend is reversed and the fraction of white dwarfs with a hydrogen-rich atmosphere increases. So far, no physical scenario is available to explain this observation. Finally, at lower temperatures, we find that hydrogen-rich white dwarfs become rarer from 5000 K to 4000 K. This trend invalidates the scenario according to which accretion of hydrogen from the interstellar medium dominates the spectral evolution of cool white dwarfs.
